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1. INTRODUCTION 

The Nat i onal  Aeronautics and Space Admin is t ra t ion (NASA) Upper Atmosphere 
Research S a t e l l i t e  (UARS) w i  11 be launched i n  1988 t o  s tudy  t h e  d i s t r i b u t i o n  
o f  a  se r i es  o f  t r ace  elements i n  t h e  upper atmosphere and t o  study atmospheric 
dynarni cs. 1 The UARS c a r r i e s  on board a cryogeni ca l  l y  cooled i n f r a r e d  spectro- 
meter t o  measure t he  concentrat ion o f  a  se r i es  o f  che~n i  c a l  spec ies  t h a t  a r e  
i m p o r t a n t  f o r  understanding t h e  ozone l a y e r  i n  t he  stratosphere. Th is  device, 
known as t he  Cryogenic Limb Array Eta lon Spectrometer (CLAES), uses a mu1 t i  - 
p o s i t i o n  f i  1 t e r  wheel combined w i t h  t i  1 t-scanned Fabry Perot e ta lons t o  ob ta in  
t h e  h i gh  r e s o l u t i o n  requ i red  f o r  these experiments. 

The CLAES o p t i c a l  system i s  sealed i n  a  dewar where i t  i s  maintained a t  
cryogenic temperatures by a supply o f  s o l i d  hydrogen. Ope ra t i ng  t empera tu res  
f o r  CLAES range from 130 K a t  t h e  en t rance  a p e r t u r e  t o  1 3  K a t  t he  focal 
p lane.2 F i g u r e  1 i s  a  schemat ic  d iagram o f  t h e  CLAES showing t h e  r e l a t i v e  
1 oca t i  on o f  t h e  major system components. 

I n  t h i s  paper we descr ibe the  design and t e s t  o f  a  spec ia l  con t ro l  system 
us ing  a u ~ i q u e  actuator  concept t o  prov ide p o s i t i o n  and scan c o n t r o l  f o r  the  
CLAES etalon. Resul ts of performance t e s t s  a t  r,, yogenic temperatures simul a- 
t i n g  t he  CLAES on-orbi t environment w i  ll be discussed. 

2. PROBLEM DESCRIPTION 

2.1 Requ i rement s  

The s i x  p r i m a r y  performance r e q u i  rements f o r  t h e  CLAES e ta lon  p o s i t i o n  
c o n t r o l  system are sumsr i zed  and b r i e f l y  discussed as fo l lows :  

J 

0 Prec is ion  angular p o s i t i o n i n g  f o r  each o f  t he  f o u r  e ta lons 
0 Rapid step response between adjacent data-taking pos i t i ons  o f  an i n d i -  

v idua l  e ta lon  
0 Rapid r o t a t i o n  o f  t h e  e ta l on  assembly t o  t h e  next  e ta l on  t o  be used f o r  

data-takinq 
0 Minimum d i s s i p a t i o n  o f  t he rma l  energy  f rom t h e  ac tua to r  t o  conserve 

cryogen 
0 Operation o f  ac tua to r  components i n  vacuum and 20 K 
0 Re l i ab le  operat ion over the  approximately 2-year miss ion dura t ion  
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Fi  gure 1. CLAES Base1 i ne Configurat ion 

Ind iv idua l  etalons must be p o s i t i o n e d  w i t h  an accuracy o f  0.022O. I n  a 
system sens ing  angu lar  p o s i t i o n  u s i n g  a d i g i t a l  encoder, t h i s  requirement 
t rans la tes  i n t o  an accuracy o f  14 b i t s .  

The d a t a - t a k i n g  c a p a b i l i t y  o f  the CLAES i s  p red i ca te i  on t h e  a b i l i t y  t o  
take a new reading every 125 ms. Based on the  sensitivity o f  t h e  f o c a l  p lane  
d e t e c t o r s ,  a p e r i o d  o f  approximately 30 t o  40 ms i s  ava i lab le  f o r  t he  e ta lon  
t o  r o t a t e  O.1° t o  the new data-taking or ientat ion.  

I n  a d d i t i o n  t o  t h e  r a p i d  and prec ise pos i t ion ing  o f  an :ndividual e ta lon  
i n  the  o p t i c a l  path, i t  i s  a l s o  e s s e n t i a l  t o  r e p o s i t i o n  each o f '  t h e  fou r  
e t a l o n s  i n  t h e  incoming beam w i t h  as l i t t l e  delay as possible. A goal of 1 
s f o r  a SO0 r o t a t i o n  has been set  fo r  t h i s  function. 

M i  n i m i  z i n g  t h e  d i  s s i  pat ion o f  thermal energy i s  an essent ia l  requirement 
fop any l o n g - l i f e  cryogenic mission. Th i s  i s  e s p e c i a l l y  i m p o r t a n t  when t h e  
hea t  p roduc ing  mechanism ( i n  t h i s  case, t h e  r o t a t i o n  actuator)  i s  coupled 
t o  an opt ical  element whose temperature i s  a lso c r i t i c a l .  Therefore, t he  design 
o f  t h e  a c t u a t o r  must be such t h a t  t h e  r e s i s t i v e  thermal energy d iss ipated 
dur ing operat ion i s  kept i n  the  range o f  1 t o  5 mW. 

Re1 iable, long-1 i f e  operat ion o f  electromechanical devices i n  a cryo-vac 
environment creates a number o f  cons t ra in ts  on the design o f  the actuator. I n  



p a r t i c u l a r ,  t he  brushes, comnutator, bearings, and gear t r a i n s  used i n  standdrd 
se . - *motors  are sources o f  f a i  1  ure. I n  addi t ion,  c a r e f u l  a t t e n t i o n  must be 
pa id  t o  tolerances and t he  p o t e n t i a l  f o r  d i f f e r e n t i a l  thermal t o n t t  a c t i c n  so 
t h a t  the mechanism w i  11 f u n c t i o n  throughout t he  temperature vange from cryo- 
genic t o  ambient. 

2.2 ?o ten t i a l  Solut ions 

A number o f  p o t e n t i a l  so lu t i ons  a re  ava i l ab le  t o  meet t h e  p rev ious ly  nen- 
t i oned  requirements. Probably t h e  s implest  s o l u t i o n  would be t o  use >: sma l l  
s t e p p e r  motor  and move t h e  e t a l o n  assembly i n  an open-loop mode by count ing 
ti;e number o f  steps tDe motor  was commanded t o  move. T h i s  t e c h n i q u e  l e n d s  
i t s e l f  t o  m ic rop rocesso r  c o n t r o l  and i s  easy t o  implemect. Another poss ib le  
s o l u t i o n  i s  t o  use a  s tanda rd  dc servomotor  w i t h  a  p o s i t i o n  feedback l o o p  
and d r i  ve t h e  e t a l o n  assembly through a  gear reduc t ion  mechanism t o  p rov ide  
t he  des i red torque/speed re1 a t i  onshi p. 

The d i f f i c u l t i e s  w i t h  b o t h  o f  t h e s e  and s i m i l a r  approaches are r e l a t e d  
t o  meeting t he  f a i r l y  s t r i n g e n t  servomechanism requirements whi 1  e  s imu l  t z n e -  
o u s l y  p r o v i d i n g  r e l i a b l e  o p e r a t i o n  i n  a  cryo-vac environment. For example, 
some form o f  gear ing i s  necessary f o r  a  s t e p p e r  moto? t o  have t h e  r e q u i r e d  
a n g u l a r  r e s o l u t i o n .  U n f o r t u n a t e l y ,  i t  i s  no t  poss ib le  t o  meet t h e  slew r e -  
qu i  rements w i t h  a  geared stepper motor because an excess ive ly  h i  gh-pul se r a t e  
(steps per second) would be needed. A geared dc servo motor can meet t h e  reso- 
l u t i o n  and slew r a t e  requirements, bu t  t h e  r e l i a b i l i t y  o f  a  mechanical system, 
w i t h  brushes,  commutator, gears, and numerous beal ings becomes 3 problem. I n  
add i t ion ,  t h e  performance c '  a  geal-ed system i s  a lways degraded r e l a t i v e  t o  
a d i r e c t  d r i v e  a r ran je rc : ) :  because back lash  i n  t h e  translrr ission in t roduces 
n o n l i n e a r i t i s  wtl;cn a r e  ;i f: i c u l  t t o  compensate f o r .  R rush less  dc mo to rs  
t o  a v o i d  many o f  t h e s e  problems, espec ia l l y  i f  conf igured f o r  d i r e c t  d r i v e ;  
however, t h e  seqi conductors used f o r  t h e  e l e c t r o n i c  commutation w i  1  1  no t  oper- 
a t e  a t  cryogenic temperatures. 

The re fo re ,  based on t h e  p r e v i o u s  d i scuss ion ,  an i d e a l  system would use 
an ac tua to r  w i t h  enough torque output  t o  opera te  i n  a  u i  r e c t  d r i v e  c o n f i  gu- 
r a t i o n .  Th i s  system would have t h e  cont inuous p o s i t i o n i n g  a b i l i t y  of a  dc 
servo motor and t h e  r a p i d  slew response o f  a  stepper motor. I n  a d d i t i o n ,  t h e  
system would use feedback con t ro l  f o r  p rec i s i on  and repeatabi l i t y ,  bu t  would 
be simple enough t o  ensure r e l i a b i l  ; ty f o r  a  l o n g - l i f e  mission. 

I n  t h e  f o l l o w i n g  s e c t i o n s ,  a  p r e c i s i o n  e t a l o n  p o s i t i o n  con t ro l  system 
i s  descr ibed t h a t  meets t he  requirements o f  t h e  CLAES as p rev ious ly  discussed. 
The system uses commands f r om a m ic rop rocesso r  t o  d r i v e  a  unique zc tba to r  
t h a t  combines t h e  advantages o f  a  s t e p p e r  mo to r  and a  dc s e r v o  i o t o r .  T h i s  
low-power u n i t  deve lops  enough c o n t r o l  t o r q u e  so  t h a t  i t  can be connected 
d i r e c t l y  t o  t he  e ta l on  assembly w i thou t  t h e  need f o r  in te rmed ia te  geariqg. 
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The concept developed f o r  the  CLAES eta lon wheel actuator was evolved i n  
d i r e c t  response t o  the requirements def ined i n  Section 2. The cryovac condi- 
t i ons  coupled w i th  l ong - l i f e  mission were s t r m g  d r i ve rs  f o r  an unpowered r o t o r  
- d i r e c t  d r i v e  design. High t o r q u e  and accuracy requirements combined w i t h  
the need f o r  un l im i ted  angular r o t a t i o n  resu!tor! i n  a  concept t h a t  combines the  
charac ter is t i cs  o f  stepper motors and dc torquers. 

The "s tepper"  p a r t  o f  the actuator has four  s tab le  posit ions, 90° apart, 
t ha t  correspond t o  the nominal pos i t ions  o f  each e ta lon .  The " t o r q u e r "  p a r t  
i s  obtained by applying t o  the r o t o r  b i d i r e c t i o n a l  propor t ional  contro l  torques 
tha t  car1 continuously move the r o t o r  about i t s  s t a b l e  p o s i t i o n ,  i n  t h e  p r e -  
s c r i b e d  range of t15O. The s tepper  p e r f o r m  t h e  swi tch ing  between etalons 
and the "torque" acxi eves the prec ise posi t ion ing.  

3.2 Magnetic Design 

The hybr  i d stepper/torquer concept 
can be in tegrated i n  a  s i n g l e  magnet ic  
a s s r m b l y  as shown s c h e m a t i c a l l y  i n  
Figure 2. The r o t o r  i s  a  d i p o l a r  p e r -  
manent magnet and t h e  s ta to r  consists 
o f  four  pole pieces t h a t  are ene rg i zed  
by separate windings. When the windings 
o f  two ad jacen t  p ieces  a r e  p roduc ing  
the  same poles, only one r o t o r  pos i t i on  
i s  s table (Figures 3a, 3c, 3d and 3 f ) ,  
a c h i e v i n g  t h e  s t e p p e r  e f f e c t .  Wb,- 
the windings are dr iven d i f f e r e n t i a l l y ,  
b i  d i  r e c t  i o n a l  t o r q u e s  a r e  ob ta ined  
(Figures 3b and 3e). 

Figure 2. Actuator :ia j;. . ' ,. : :embly 
Concept 

Because o f  the symnetry o f  the  system, the same b e h a v i ~ r  i s  obtained about each 
o f  the fou r  equi l ibr ium posit ions. The shape o f  the  pole pieces must achieve 
three object ives: 

a Produce the  maximum torque f o r  a  giver1 magnetization 
Achieve a  rather  constant torque/magneti z a t i  on cha rac te r i s t i c  w i t h i n  t h e  
t15" rmge  

a Hake i t  possible t o  slew between two adjacent (90°) quadrants 

The l a s t  two object ives lead t o  pole pieces t h a t  a r e  w i d e l y  o v e r l a p p i n g  
so magnetic i n t e r a c t i o n s  remain present  even for  l a rge  deviat ions from the  
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Figure 3. Actuator Stepper and Torquer Nodes 

nominal posi t ion.  The max imiza t ion  o f  t h e  t o r q u e  i n v o l v e s  t h e  d i s t a n c e  d 
between two ad jacent  s t a t o r  p o l e  pieces (F igwe  4). I n  t he  case o f  a l i n e a r  
(trans1 a t i  ng) ro to r ,  and assuming a constant magnetization, the magnetic force 
a c t i n g  on t h e  r o t o r  i s  a f u n c t i o n  of t h e  p o s i t i m  o f  t h e  r o t o r  and o f  t he  
distance d, as we l l  as o f  the  magnetic gap g ( d i s t a n c e  s e p a r t i n g  t h e  r o t o r  
f rom t h e  s t a t o r ) .  This  f o r c e  can be computed and t h e  r e s u l t s  are shown i n  
Figures 5 and 6 corresponding t o  r o t o r  a rd  s t a t o r  pole pieces o f  l e n g t h  equal  
t o  100 gaps. The r e l a t i v e  pos i t i on  o f  t he  r o t o r  i s  expressed i n  u n i t s  of gaps 
and the  force i n  normalized units.  The curves were computed fo r  several values 
o f  t h e  d is tance d and they i nd i ca te  tha t  d should be equal t o  about one-forth 
o f  t he  s t a t o r  pole piece length. 

The actual magnetic design gsed the  prev ious ideas,  b u t  t h e  geometry o f  
t h e  system was mod i f i ed  from the  conceptual concentr ic design o f  Figure 2 t o  
a l a t e r a l  design as shown i n  F igure 7. Th is  arrangement was p r e f e r r e d  f o r  
t he  f o l  lowing reasons : 

Al lows a s m a l l e r  gap between s t a t o r  and r o t o r  ( thus a higher force 
l e v e l )  because o f  a lower d i f f e r e n t i a l  thermal expansion and sens i t i v -  
i t y  t o  bearing accuracy 
Makes i t  easier t o  manufacture and replace the  permanent magnets 
Results i n  a aore compact design, which i s  d e s i r a b l e  because o f  t h e  
l i m i t e d  space ava i lab le  i n  the CLAiS dewar 
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Figure 4. L inear  Rotor 
Model f o r  Pole 
Piece Opt imizat ion 
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Figure 6. Rotor Force Versus Rotor Pos i t i on  
f o r  Various Values o f  d l a  

b 

Figure 7. La te ra l  Magnetic Design 



F i n a l l y ,  t h e  windings o f  t h e  f ou r  s t a t o r  po le  pieces a re  grouped i n  pa i rs ,  
because two oppos i te  po le  pieces ( w i t h  respect t o  t he  r o t o r  a x i s )  a r e  a1 ways 
of oppos i te  magnetic p o l a r i t y .  Therefore, on ly  two c o n t r o l  i npu t s  t a  t h e  actu- 
a t o r  e x i s t :  t h e  c u r r e n t s  I1  and I2 i n  t h e  corresponding p a i r s  o f  windings 
(F igure 2). 

3.3 Mechanical Design 

The mechanica l  des i gn  o f  t h e  p ro to type  ac tua to r  i s  shown i n  t h e  enlarged 
view of F igure 5. The s t a t o r  p o l e  i e c e s  a r e  mounted between two  aluminum 
p l a t e s  connec ted  t o  each o t h e r  by  s t e e l  b o l t s .  The r o t o r  i s  at tached t o  a 
s t a i n l ess - s tee l  sha f t  supported by BarTemp b e a r i n g s  mounted on t h e  a l um inup  
p l a t e s .  B e l v i l l e  washers Here used t o  c e n t e r  t h e  r o t o r .  A l n i co  permanent 
magnets a re  f i t t e d  i n  t h e  r o t o r  and cove red  w i t h  s o f t  i r o n  p o l e  p i e c e s  t o  
d i  s t r i  L u t e  t h e  m a g n e t i z a t i o n  more uni formly.  An ac tua l  view o f  t h e  ac tua to r  
i s  d isp layed i n  F igure  9. 

4. ETALON COhTROL SYSTEM CONCEPT 

4.1 Cont ro l  System Overview 

The CLAES e t a l o n  p o s i t i o n  c o n t r o l  system operates by sensing t h e  angu la r *  
o r i e n t a t i o n  o f  t h e  e ta l on  assembly, comparing t h e  measured o r i e n t a t i o n  w i t h !  
t h e  d e s i r e d  e t a l o n  ang le ,  and a p p l y i n g  a  con t ro l  to rque  t o  t h e  assembly t o1  
d r i v e  t he  resud ia l  e r r o r  t o  zero. I n  a d d i t i o n ,  r a t e  i n f o r m a t i 9 n  i s  used t o 1  
damp v s c i l l a t i o n s  and t o  p rov ide  a  quick t r a n s i e n t  response. 

The c o n t r o l  system has b e ~ n  mechanized i n a  h y b r i d  c o n f i g u r a t i o n  w i t h  
a  m i  c r o p r o c e s s o r  used f o r  gene ra t i ng  commands w i t h  d i s c r e t e  l o g i c  t o  deter -  
mine e r r o r  s igna ls ,  c o n t r r ~ l  phasing, and mode sw i tch ing  and w i t h  a n a l o g  CI r- 
c u i  t ry  t o  prov ide feedbnck compensation. 

F igure 10 i s  a schematic diagram o f  t he  c o n t r o l  system. The e t a l o n  angu- 
l a r  pos i t io r r  (sensed by the  reso l ve r )  and i t s  angular r a t e  (censed by  the  
t achone tw )  a r e  the  prime inpu ts  t o  t he  c o n t r o l  system. The e r r o r  s i gna l  i s  
const ructed by comparing t he  ac tua l  and commanded pos i t i on .  The feedback loops 
inc lude  i ~ c e g r d l ,  p ropor t iona l ,  and r a t e  terms; t he  ac tua to r  produces a  torque 
T, such tha t :  

Kp ( e  - ec) - ~ ~ ) ( e  - e,) - KR e  

The i n t e g r a l  c o n t r o l  loop counteracts t he  e f f ec t s  of mass imbalance, bear ing 
f r i c t i o n ,  magnet rc cogging, and o ther  nhenomena t h a t  Houid i n t r oduce  a  s t a t i c  
p o s i t i o n  e r ro r .  

T h i s  c o n t r o l  law i s  ac t i va ted  i n  each o f  t he  f ou r  quadrants, and t h e  com- 
manded a n g l e  ec can be e i t h e r  0". 90°, 180°, o r  270" w i t h  a  range o f  t15" 
about those values. For a given magnet izat ion o r  c u r r e n t  i n t o  t h e  w ind ings ,  
t h e  torque obtained i s  a  func t ion  o f  t he  a n g l e 8  and can be approximated by: 





Ta = Ka [ ( I 1  - 12) cos e + (II + 12) s i n  el 

where Ka i s  a constant. 

I n  t h e  c o n t r o l  mode def ined by Equat ion 1 ,I1 and I p  are made equal o r  
opposite, depending on the  quadrant i n  which t h e  system i s  ope ra t i ng .  A l -  
though t h e  r o t o r  can be commanded t o  go t o  the  next (or  previous) quadrant 
by  s e t t i n g  I1  and I 2  t o  t h e  p rope r  value, once a 90" r o t a t i o n  has been ob- 
tained, the  torque goes t o  zero and i t  becomes necessary t o  s w i t c h  t h e  s igns  
of 11 and I 2  t o  ensure t h e  c o r r e c t  c o n t r o l  law. Therefore c o n t r o l  o f  the  
actuator  i s  handled by three separate cont ro l  systems: 

e A p ropo ra t  i o n a l  con t ro l  compensation systen described by Equation ( I )  
0 A slew c o n t r o l l e r  p rov id ing  commands f o r  changing quadrants 
0 A switching l o g i c  c o n t r o l l e r  t o  se t  the proper winding connections 

4.2 Tachometer Concept 

To implement the  r a t e  feedback loop described previously,  an angular r a t e  
sensor i s  desirable. With a convent ional  tachometer,  t h e  r a t e  s i g n a l s  w i  11 
have t o  be swi tched according t o  t h e  operat ing quadrant t o  ensure the  proper 
sign, The use o f  convent ional tachometers presents  t h e  same inconvenSence 
as found i n  convent iona l  motors, (i .e., moving e l e c t r i c a l  contacts). I n  the  
present case, however, an elegant so lu t i on  i s  ava i lab le  by using a tachometer 
design i den t i ca l  t o  t ha t  o f  the actuator. Because o f  the r e v e r s i b i l i t y  p r i n c i -  
ple, when the  actuator i s  forced t o  rotate,  currents a re  created i n  t h e  wind- 
ings propor t ional  t o  the angular r a t e  i n  such a manner t h a t  they create forces 
opposed t o  the motion (i.e., the  usual back emf e f f e c t ) .  Thus r a t e  feedback 
can be achieved a u t o m a t i c a l l y  by s imp ly  connecting the  tachometer windings 
t o  the corresponding actuator windings (through e 1 e c t  r o n i  c compensa t i on and 
power ampl i f iers) .  I n  t h i s  case switching i s  not necessary because the feedback 
p o l a r i t y  i s  always correct.  This feature simp1 i f i e s  the  e l e c t r o n i c s  and a1 so 
increases the  r e l i a b i l i t y  o f  the system. Some alignment i s  required, o f  course, 
between tachometer and motor pole p ieces ,  b u t  does n o t  need t o  be very  ac-  
cura te .  For  s i m p l i c i t y  and cost  reduct ion purposes, two prototype actuators 
were b u i l t ,  one used as the motor and the  other  as the  tachometer. I n  a f i n a l  
design the  tachometer would be made much smaller. 

A schematic o f  the  eta lon assembly i s  shown i n  F i g u r e  11, i n c l u d i n g  t h e  
motor, the wheel, the  tachometer, and the  resolver. 

5. CONTROL LOGIC 

The cont ro l  requ i reme~ts  f o r  the eta lon servo can be d iv ided i n t o  two 
catagories: slewing and f i n e  contro l .  The slewing mode i s  used t o  r o t a t e  the 
eta lon assembly r a p i d l y  between the :our ind iv idua l  eta lon elements w i th  a 
t y p i c a l  slew maneuver requ i r i ng  a 90 r o t a t i o n  i n  less than 1 s. Occa- 
s iona l l y  i t  may be necessary t o  make 180' rotat ions.  Fine con t ro l  o f  the 
eta lon assembly provides precise pos i t i on ing  o f  an e ta lon  i n  the incoming 
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Figure 11. Etalon Wheel Assembly 

beam and i s  a lso used t o  make incremental angular p o s i t i o n  changes as the 
spectrum i~ scanned by the focal plane. The eta lon i s  he ld  s ta t ionary  dur ing 
a measurement sequence, then ro ta ted  by apprdximately 0.088' so t h a t  a new 
measurement can be made. I n  addit ion, the f i n e  cont ro l  mode i s  used t o  r a p i d l y  
scan the eta!cn sr aake large angle changes f o r  repeat ing a measurement 
sequence. 

The design o f  t hz  con t ro l  l o g i c  f o r  these two funct ions i s  complicated by 
the way i n  which the actuator operates f o r  f i n e  con t ro l  and f o r  slewing. The 
slewing mow uses the e f f e c t  o f  a r o t a t i n g  magnetic f i e l d  vector t o  f o r c e  the  
r o t o r  t o  reo r ien t  i t s e l f  i n  much the same way a synchronous motor operates. 
During f i n e  cont ro l  a d i f f e r e n t  con t ro l  s t ra tegy  i s  employed p r i m a r i l y  because 
low-power d i ss ipa t i on  i s  c r i t i c a l .  Control  torque i s  generated by a combina- 
t i o n  o f  a t t r a c t i v e  and repu ls ive  forces which are propor t ional  t o  the  magnitude 
of t h e  e r r o r  s i g n a l .  Thus i n  t h e  f i n e  c o n t r o l  mode, force (and cur ren t )  i s  
not appl ied unless there i s  a pos i t i on  e r r o r  t o  correct.  

Figures 3a, 3c, 3d, and 3 f  i l l u s t r a t e  the  change i n  p o l a r i t y  of the  s ta to r  
pole pieces for  a slew o f  90°. It i s  important t o  note t h a t  t h e  r o t o r  a1 i g n s  
i t s e l f  betweeti two po les ,  each hav ing  i d e n t i c a l  po la r i t y .  The st rong force 
obtained by applying the  maximum current  t o  both sets o f  c o i  1s i s  t h e  reason 
t h a t  t h e  slew mode has t h e  c h a r a c t e r i s t i c  "snapu motion i n  which the  r o t o r  
experiences a rap id  accelerat ion fol lowed by an e q u a l l y  r a p i d  d e c e l e r a t i o n .  
F i g u r e  1 2  shows t h e  s w i t c h i n g  l o g i c  t h a t  t r a n s l a t e s  t h e  d e s i r e d  
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o r i en ta t i on  o f  the r o t o r  i n t o  the cor rec t  magnetic p o l a r i t y  f o r  each o f  t h e  
p o l e  p ieces.  This  f i g u r e  a l s o  d e p i c t s  t h e  l o g i c  t h a t  senses the completion 
o f  a slew maneuver a ~ d  switches t h e  system t o  t h e  f i n e  c o n t r o l  mode. Th i s  
l o g i c  r e s e t s  t h e  s lew mode so t h a t  t h e  system cannot execute another slew 
unless the  microprocessor reenables the  slew 1 ogic. This feature i s  i m p o r t a n t  
because t h e  threshold detector  which senses the completion of a slew maneuver 
operates by comparing the desired angle w i t h  the  measured eta lon p o s i t i o n .  I f  
t h e  p o s i t i o n  e r r o r  shou ld  i nadve r ten t l y  exceed t h i s  threshold when the  sys- 
tem i s  i n  f i n e  contro l ,  the slew mode would be r e i n i t i a t e d  if t h e  s lew l o g i c  
had not been prev iously  disabled. 

A t y p i c a l  magnet ic  p o l a r i t y  o r i e n t a t i o n  f o r  t h e  s t a t o r  poles when the  
system i s  i n  the  f i n e  cont ro l  mode i s  seen i n  F igu res  3b and 3e. The f o r c e -  
genera t i ng  mechanism i s  now a t t r a c t i v e - r e p u l s i v e  as compared w i t h  the  slew 
mode i n  which i t  i s  a t t r a c t i v e  only. Although i t  would be possib le t o  o p e r a t e  
t h e  f i n e  c o n t r o l  mode i n  t h e  same manner as the  slew mode, i t would requ i re  
t h a t  a maqnetic f i e l d  be a v a i l a b l e  c o n t i n u o u s l y  f o r  t h e  c o n t r o l  system t o  
" s t e e r "  so t h a t  t h e  r o t o r  would be posi t ioned.  I n  the  a t t rac t i ve - repu ls i ve  
scheme, the magnetic f i e l d  i s  ac t iva ted  only  i n  p r o p o r t i o n  t o  t h e  magni tude 
(and p o l a r i t y )  o f  t h e  angu la r  e r r o r .  If t h e  system i s  o p e r a t i n g  e x a c t l y  
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on t h e  d e s i r e d  angu la r  o r i e n t a t i o n  o r  very c lose t o  it, almost no magnetic 
f i e l d  i s  required from t h e  s t a t o r s .  Th is ,  o f  course, means t h a t  t h e  power 
d i s s i p a t i o n  i n  t h e  system i s  kept a t  a very low level ,  an important requi re-  
ment i n  cryogenic appl icat ions. 

The use o f  an a t t r a c t i v e - r e p u l s i v e  technique demands t h a t  two p o l a r i t i e s  
of cont ro l  s ignal  be ava i lab le  so t h a t  one se t  o f  s t a t o r  c o i l s  can genera te  
t h e  a t t r a c t i v e  component and t h e  o t h e r  s e t  t h e  r e p u l s i v e  component o f  the 
cont ro l  force. I n  addit ion, as the r o t o r  changes quadrants, i t  i s  necessary 
t o  change t h e  p o l a r i t i e s  o f  t h e  c o n t r o l  s ignals t o  the  s ta tors  so t h a t  tne  
cor rec t  ove ra l l  con t ro l  system p o l a r i t y  i s  mainta ined.  The s w i t c h i n g  1og;c 
t o  command t h e  c o n t r o l  s i g n a l  p o l a r i t y  change i s  shown i n  Figure 13. This 
l og i c ,  which i s  a func t ion  of  t h e  r o t o r  o r i e n t a t i o n  ( i  .e., which quadrar,t 
t h e  r o t o r  i s  i n ) ,  i s  t h e  e l e c t r o n i c  equivalent o f  the  mechanical commutator 
i n  a dc servo motor. The advantage i n  t h e  present  app l  i ca t ' i on  i s  t h e  l d c k  
o f  mechanical p a r t s  which a r e  s e n s i t i v e  t o  both the  temperature and vacuum 
environment, therby e l im ina t i ng  po ten t i a l  r e l i a b i l i t y  problems. 

I I J I SLEW LSLEW 
L --,------,--,--- J INPUT 

FINE CONTROL POLARITY SLEWIFINE CONTROL 
SELECT LOGIC SELECT LOGIC 

(SAME AS FIG. 121 

Figure 13. Fine Control Logic 

6. CONTROL SYSTEM IMPLEMENTATION 

To make bes t  use of the components t h a t  were already pa r t  o f  the  ove ra l l  
CLAES system design or  were known t o  be r e l i a b l e  f o r  o p e r a t i o n  a t  c r yogen ic  
temperatures,  t h e  e t a l o n  c o n t r o l  system was designed t o  use both analog and 
d i g i t a l  components. For example, the cont ro l  of other components i n  t h e  CLAES 
o p t i c a l  t r a i n  and the  data-taking sequence i s  provided by a system microproc- 
essor. It was only  natura l  then, t o  inc lude command generation o f  t h e  e t a l o n  
assembly as pa r t  o f  the system microprocessor function. I n  addition, as discuss- 
ed i n  some d e t a i l  i n  t h e  p rev ious  s e c t i o n ,  mode sw i t ch ing ,  c o n t r o l  s i g n a l  
p o l a r i t y ,  and s lew l o g i c  a r e  con t ro l l ed  by d iscre te  d i g i t a l  components. The 
simplest way t o  implement the cont ro l  loops, however, was t o  use analog t e c h -  
n iques r a t h e r  t han  add another microprocessor dnd t o  develop the  specia l ized 
software requi red fo r  a d i g i t a l  cont ro l  loop. 
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An example o f  the app l ica t ion  of hybr id  techniques i n  the con t ro l  system 
design i s  the use of a  400-Hz resolver  t o  measure the e ta lon  assembly or ien t -  
a t i o n .  The output o f  the resolver  i s  ac tua l l y  converted t o  16 b i t s  o f  d i g i t a l  
data and combined w i th  the  commanded angle t h a t  was generated by t h e  m ic ro -  
p rocessor  t o  p r o v i d e  a  1 6 - b i t  angular pos i t i on  e r r o r  signal.  The conversion 
o f  analog data i n t o  d i g i t a l  da ta  was done because ( 1 )  t h e  commanded ang le  
was a  d i g i t a l  word, ( 2 )  t h e  ready a v a i l a b i l i t y  of extremely accurate, high 
performance reso: ver - to -d ig i ta l  converters tha t  e l im ina te  t h e  need t o  des ign  
and bu i 1 d  resolver electronics, and (3) t he  improvement i n  performance gained 
us ing  d i g i t a l  subtract ion t o  generate the  e r r o r  angle ra the r  than ana log  sub- 
t rac t ion .  

F i g u r e  14 i l l u s t r a t e s  t h e  d e t a i  I s  o f  t h e  cont ro l  system mechanization. 
A f te r  t he  pos i t i on  e r r o r  has been converted t o  an analog s i g n a l ,  i t  i s  i n t e -  
g ra ted  t o  provide the  i n teg ra l  cont ro l  s ignal.  The pos i t i on  and i n teg ra l  s ig -  
nals are summed wi th  both a  p o s i t i v e  ar~d negative p o l a r i t y  so t h a t  both po lar -  
i t i e s  w i l l  be ava i lab le  t o  d r i ve  the  actuator. 

r n t > U L V t r n  j CONVERT J - l l  
? '  LEAST 

1 1  P O I .  ERROR 

u 
2 bits QUADRANT SELECT 
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Figure 14. Etalon Control System Mechanization 

An i n t e r e s t i n g  feature o f  the  mechanization i s  t he  use o f  p o l a r i t y  switch- 
i n g  l o g i c  f o r  t h e  p o s i t i o n  and i n teg ra l  feedback loops but  not f o r  t he  r a t e  
(tachometer) loop. This f e a t u r e  i s  shown i n  F i g u r e  14  i n  t h e  summation o f  
t h e  r a t e  s i g n a l  w i t h  t h e  i n t e g r a l  p l u s  p o s i t i o n  e r r o r  s ignals which occurs 
after the p o i a r i t y  switch. The r a t e  s igna l  bypasses the  swi tch ing l o g i c  because 
the tachometer i s  e l e c t r i c a l l y  i den t i ca l  t o  t he  actuator (i.e,, t he  tachometer 
output changes p o l a r i t y  i n  exact ly  t h e  r i g h t  way t o  match t h e  requ i rements  
of t h e  motor  i n p u t  s ignal ) .  Because the resolver  does not have t h i s  p o l a r i t y  
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Power f o r  the  e l ec t ron i cs  i s  provided by *15 and 5 Vdc power supplies. 
I n  addi t ion,  the  R-to-!I conver ter  requi res a 400-Hz s i gna l  a t  6-Vrms t o  power 
the  reso lver  and generate the  reference s igna ls  w i t h i n  t he  R-to-0 converter.  
None o f  the power supply vol tages o r  f requencies ( i n  t he  case o f  t h e  400-Hz 
s i gna l )  are c r i t i c a l ,  and t he  system can t o l e r a t e  15-percent dev ia t ions  f rom 
the  nominal and s t i l l  f u n c t i o n  proper ly .  

7. CRYO-VAC PERFORMANCE TESTING 

An essen t ia l  p a r t  o f  the  development process f o r  a system l i k e  t he  CLAES 
e ta lon  p o s i t i o n  servo i s  performance t es t i ng .  I n  p a r t i c u l a r ,  b e c ~ u s e  t he  
env i ronmenta l  condi t ions a re  so  sever^, a t  l e a s t  some p o r t i o n  o f  t h e  perform- 
ance t e s t i n g  must be done i n  c o n d i t i o n s  t h a t  s i m u l a t e  a c t u a l  o p e r a t i o n  as 
c l o s e l y  as possible.  Because t e s t i n g  i n  a cryogenica l ly -cooled vacuum chamber 
i s  expensive and t ime consuming, a g rea t  deal o f  p re l im ina ry  t e s t i n g  and system 
t u n i n g  i s  accompl ished a t  room tempera tu re  i n  t h e  laboratory .  The r e s u l t s  
presented i n  t h i s  sec t ion  a re  a combination o f  d a t a  o b t a i n e d  f r o m  b o t h  room 
temperature and cryo-vac tes ts .  

There were two pr imary ob jec t i ves  t o  the  performance tes t ing ;  (1) t o  
determine the v a l i d i t y  o f  the  con t ro l  concept and (2 )  t o  eva luate the  per- 
formance o f  the  system i n  cryo-vac condit ions. The room temperature t e s t s  were 
especial  l y  important because o f  t he  nove l ty  o f  the  hyb r i d  c o n t r o l  e l ec t ron i cs  
and the  actuator  i t s e l f .  Potet.t ia1 problems associated w i t h  cryo-vac operat ion 
i nc l ud ing  bear ing s t i c t i o n ,  mechanical i n t e r f e rence  caused by thermal contrac- 
t i o n  and gradiants,  and changes i n  t h e  ac tua to r  magnetic proper t ies .  

7.1 Control  System Tests 

These t e s t s  were conducted i n  t h e  labora to ry  a t  room temperature and con- 
s i s t e d  o f  measurements o f  s tep  response f o r  smal l  angle i nc remeq ts ,  t i m e  r e -  
qu i  red  f o r  90° slews, and p o s i t i o n  repeatabi  1 i ty  and accuracy. Because d i g i t a l  
sub t rac t i on  i s  used t o  generate t h e  p o s i t i o n  e r r o r  s i g n a l ,  o n l y  t h e  p o s i t i o n  
e r r o r  i s  a v a i l a b l e  f r om t h e  c o n t r o l  e l e c t r o n i c s .  The absolute p o s i t i o n  was 
measured independently by an o p t i c a l  system cons i s t i ng  i n  a l a s e r  beam r e f l e c t -  
ed by a smal l  m i r r o r  mounted on t h e  e ta l on  wheel onto a 1 i nea r  photodetector. 
These t e s t s  were use fu l  t o  tune t h e  c o n t r o l  system gains and a d j u s t  t h e  s l e w  
mode sw i tch ing  threshold.  

F i g u r e s  16 and 17 show a t y p i c a l  a n g l e  increment-decrt.nent sequence i n  
which t h e  e ta l on  i s  commanded t o  move 21.1 and 5.27 a rc -min ,  r e s p e c t i v e l y .  
The t r a n s i t i o n  t i m e  f o r  t h e  21.1 a r c  min-s tep was 80 ms and on ly  20 ms f o r  
t h e  5.27 arc-min step. The l a t t e r  r e s u l t  b e t t e r s  t h e  CLAES requ i remer r t  f o r  
t h e  e t a l o n  assembly t o  execu te  t h i s  maneuver i n  less  than 25 ms, Quant ized 
mot ion caused by l i m i t  c y c l i n g  on t h e  r e s o l v e r ' s  f o u r t e e n t h  and f i f t e e n t h  
b i t  i s  apparent i n  Figure 17. 

Slew response was measured by mon i to r ing  t h e  p o s i t i o n  e r r o r  s ignal ,  because 
there was no convenient means o f  d i r e c t l y  measuring l a r g e  angles. Mode swi tch-  
i n g  t h r e s h o l d  and r a t e  feedback ga in  were c r i t i c a l  f o r  ach iev ing t he  requ i red  
performance. 
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Figure 16. 21.1 arc-min Increment Decrement 
Sequence a t  23OC 

-'k 
Figure 17. 5.27 arc-min Increment Decrement Sequence a t  23°C 

7.2 Cryogenic Testing 

Cryogenic t e s t s  were conducted i n  a vacuum chamber w i th  l i q u i d  n i t rogen 
cooled walls. An overa l i  view o f  the  eta lon t e s t  assembly can be seen i n  t h e  
photograph of Figur2 18, Also seen i n  the  photograph are d e t a i l s  o f  e l e c t r i c a l  
and cryogenic feedthroughs, the 1 i q u i d  n i t rogen cool ing shroud, and t h e  co'l d 
p l a t e  t o  which t h e  system i s  mounted. Addit ional coo l ing  was obtained using 
a gaseous helium r e f r i g e r a t o r  t o  b r i n g  t h e  tempera ture  of  a " c o l d  f i n g e r "  
t o  about 10K. The c l o s e  up photograph o f  Figure 19 shows several insu la ted  
copper braids attached t o  various par ts  of the system t o  ensure proper cool ing. 
The e n t i r e  e t a l o n  assembly i s  i n s u l a t e d  from the  mounting p l a t e  by ceramic 
standcffs t o  aa in ta in  the low terriperature produced by t h e  c o l d  f i n g e r .  The 
l oca l  temperatures were monitored using cpecial !qw-temperature platinun res is t -  
ance thermometers. A glass window a1 lowed some d i r e c t  v iew ing  o f  t h e  wheel 
assembly, making i t  possible t o  perform op t i ca l  measurements using the  eta lon 
f i  1 t e r s  themselves. 

The few problems t h a t  were encountered during the pre l iminary t e s t s  were 
p r i n c i p a l l y  mechanical i n  nature. The f i r s t  attempts t o  operate a t  low tem- 
perature fa i l ed  when the r o t o r  assembly stoppcc' responding t o  commands. 
Appl icat ion o f  maximum current  i n  the motor windings was unable t o  f r e e  the 
system. Upon disassembly, i t  was discovered t h a t  the bearing races were b r i -  
nel  led. A subsequent analysis ind icated tha t  a substant i  a1 d i f f e r e n t i a l  ther- 
mal contract ion ex is ted between the sta in less-steel  bearings and the aluminum 
end-plates i n  which they are mounted. The so lu t i on  selected t o  





Subsequent tests were successful f o r  demonst r d t  i ~g f u l  1 operat i onal capabi 1 - 
i t y  a t  17K. Figures 20 and 21 show the  system performing the  same angle incre-  
ment-decrement t e s t  as seeen i n  Figures 16 and 17. Although some minor changes 
i n  contro l  system gains were required t o  retune the systerr f o r  cryogenic opera- 
tion, the performance i s  essen t i a l l y  i den t i ca l  t o  t ha t  a t  room temperature. Per- 
formaoce d u r i n g  slew maneuvers i s  shown i n  Figures 22 and 23. I n  Figure 22, 
the  current  pulses t o  onc o f  the  s t a t o r  pa i r s  i s  shown dur ing four  slews com- 
p r i s ' n g  a f u l l  360' r o t a t i o n .  The very  low current required t o  cont ro l  the  
eta lon assembly between thz  slews i s  apparent. This cont ro l  current ,  measured 
a t  less than 60 mA per s ta to r  pa i r ,  t rans la tes  i n t o  a steady state power dissip- 
a t i on  of 274 pW (each s ta to r  p a i r  has a measured r e s i s t a n c e  a t  17K o f  0.038 
ohms), w,tich i s  subs tant ia l l y  less t h a ~  the  1- t o  5-mW requirement. 

Figure 23 i s  an expanded view o f  one o f  t h e  c u r r e n t  pu l ses  t h a t  occur  
d c r i c g  z slew. The c u r r e n t  sa tura tes  a t  the dr ivc  amp l i f i e r  l i m i t  o f  2.3A. 
The e n t i r e  manewer i s  completed i n  l e s s  than 600 ms, which i s  comfo r tab l y  
w i t h i n  the  1 3 per 90°-slew requirement. 

A pre l iminary re1 i a b i l  i t y  t e s t  o f  the system has been completed i n  which 
the system was operated cont inuously i n  a scarl and >lew mode f o r  48 h a t  18 K. 
While t h i s  i s  ~ o t  is r igorous a t e s t  2 ;  eventua1:y w i l l  be necessary t o  demon- 
s t r a t e  f l i g h t  qua1 i f i c a t i o n ,  i t  i s  an excel lent  i nd i ca t i on  t h a t  the present 
design has the p o t a t i a l  t o  operate r e l i a b l y  i n  a cryo-vac environment f o r  
exteiided periods of time. 

This paper has described the develn~ment and t e s t i n g  o f  a con t r c l  s y s t e ~  
fiesigr~ed t o  prec ise ly  p a i t i o n  etalons '3 the o p t i c a l  path o f  a cryogenic 
s?ectrometer. iJne feature of the systerr which i s  unique i s  th2 z ta lon  xsembly 
actuator, which combines the cha ra~ te r  I s t i c s  o f  both a stepper motor and a 
torqrler. The successf u1 operat io7 of t h i s  system i n  cryo-vac condi t ions has 
beec demonstrated f o r  p ? r i  ods o f  up t o  48 h at temperatures below ?OK. The 
system har aet  o r  e x ~ e e d e d ~ r e q u i  remenis f o r  p o s i t i o n  accuracy, s lew r a t e ,  
power d i s s i p a t i o n ,  and operat ional f l e x i b i l i t y .  Although the  current  conf ig-  
u ra t ion  i s  not appropriate f o r  f l i g h t  hardware, i t  i s  n o t  a n t i c i p a t e d  t h a t  
major  cnanges w i  11 be required t o  develop an acceptable design fo r  the actual 
f l i g h t  instrument. 
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Figure 2C. 2i.i arc-min Increment Decrement Sequence a t  17 K 

E I I I I I I I - 0 0 '  0.5 1.0 : 1.5 2.0 2.5 0 
W 

,1 j TIME (s) 

Figure 21. 5.21 arc-min Increment Decrement Sequence a t  17 K 
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Figure 22. F. 90° Slews a t  16 K 
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Figure 23. 90' Slew a t  i6 K 
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